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Non-contrast enhanced
functional lung MRI in children:
report on 900 own
measurements using matrix-
pencil decomposition (MP-) MRI
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Objectives: Functional imaging of the lungs enables a spatially resolved
examination of pulmonary ventilation and perfusion. Non-contrast-enhanced
(NCE) magnetic resonance imaging (MRI) techniques do not require specialized
set-ups (e.g., hyperpolarized gases), but are applicable on standard clinical MRI
scanners. Since patients are not exposed to ionizing radiation during the
examinations, NCE-MRI is highly attractive for use in pediatrics, especially in
children with chronic lung diseases requiring repeated follow-up measurements.
Study design: We report on our own experience of more than 900 NCE-MRI
measurements in children over seven years using matrix pencil decomposition
(MP-)MRI. We present original data, i.e., clinical cases in which MP-MRI helped
in clinical decision-making together with valuable practical points.

Results: At our center, an optimized workflow including a child-friendly setting
and automated provision of outcome protocols led to great acceptance of
functional NCE-MRI in patients and clinicians. Within this setting, regular MP-MRI
measurements were successfully implemented into clinical routine and proved to
be very helpful for surveillance and specific clinical decision-making. We present
exemplary cases illustrating the potential of NCE-MRI as a diagnostic tool.
Conclusion: In this article, we summarize our unique experience of a large
number of MP-MRI measurements. We give an overview on our workflow
including standardized and automated analysis and reporting. The exemplary
cases from different disease groups illustrate its value in the clinical setting. In
conclusion, visualizing regional functional deficits and respective underlying
pathophysiological nature of lung impairment seems promising for increasing
use of NCE-MRI in the future.
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1 Introduction

Recent technical developments have not only enabled the
acquisition of high-quality morphological images of the lungs
using magnetic resonance imaging (MRI) (1-4), but also the
implementation of functional lung MRI (1, 2, 5). Functional MRI
examinations provide spatially resolved information on lung
ventilation or perfusion (1, 2, 5). While some approaches require
either the inhalation of hyperpolarized gases (2) or the use of
intravenous contrast agents (1), so-called non-contrast-enhanced
(NCE) functional MRI techniques and the respective scan
sequences are applicable on standard clinical MRI scanners
without the need of specialized set-ups (6-16). A voxel-wise
analysis of signal changes over time within an image series
enables the detection of local ventilation or perfusion deficits
(6-16). Because of its easy application and since patients are
not exposed to ionizing radiation during the examinations,
NCE-MRI is highly attractive for use in pediatrics, especially in
children with chronic lung diseases requiring repeated follow-
up measurements. The available NCE-MRI techniques include
matrix-pencil decomposition (MP-) MRI, where an highly
optimized signal-to-noise ratio in the lung tissue is achieved by
exploiting an ultra-fast balanced steady-state free precession (uf-
bSSFP) pulse sequence for data acquisition (7, 17, 18). MP-MRI
is in use in our center since 2017, resulting in a large number
of examinations in children. We are therefore able to share
valuable key experiences and exemplary clinical cases to the
broad readership including clinicians interested in implementing
and applying this innovative technique.

In the first part of this article, we summarize our own
experience of more than 900 MP-MRI measurements in children.
In the second part, we present exemplary cases of MP-MRI in
the clinical setting.

2 More than 900 MP-MRI
measurements in children—report on
our own experience

At the Children’s University Hospital of Bern, we have been
using MP-MRI since November 2017. We have performed more
than 900 functional lung MRI scans in 473 children aged
between 5 and 18 years. Since MP-MRI is part of most our study
protocols, data presented are from cohort studies, (Bern Infant
Lung Development (BILD) cohort (19), Swiss Cystic Fibrosis
Infant Lung Development (SCILD) cohort (20)), clinical studies
and scientific exploration of complex clinical cases. Figure 1

Abbreviations

CF, cystic fibrosis; CFTR, cystic fibrosis transmembrane conductance regulator;
CT, computed tomography; DDI, defect distribution index; MP-MRI, matrix
pencil decomposition MRI; MRI, magnetic resonance imaging; NCE-MRI,
non-contrast-enhanced MRI; OLS, online supplemental material; QDP,
perfusion defect percentage; uf bSSFP, ultra-fast balanced steady-state free
precession; SCD, T, Tesla; VDP, ventilation defect
percentage; VQD i, combined/matched ventilation and perfusion defect.

sickle-cell disease;
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presents the disease groups covered and the age distribution of
the children included.

From our experience, we will herein report on specific key
points and prerequisites for a successful implementation (Figure 2).

2.1 Preparation and child-friendly setting

As generally known, it proved to be particularly helpful to
prepare the children and their parents/caregivers in advance for
the upcoming MP-MRI examination.

The following protocol for the MRI examinations has been
implemented: (i) distribution of child-friendly information material
including imitation of MRI measurement at home (Figure 3 and
Table 1), (i) invitation to an intro-visit at the MRI, (iii) age-
appropriate, playful introduction to the MRI device on-site (e.g.,
fairy tale about resident little magnet wizards, practical experiment
using a tennis ball filled with nails etc.), (iv) opportunity to listen
to self-chosen audio plays or music during the scan, (v) parents can
stay in the scanner cabin and (vi) close motivational-supportive
conversation with the child during the examination via intercom.
With this approach, we achieved a feasibility rate of 96% from 5
years age onwards (number of completed scanning protocol and
diagnostic image quality suitable for post-processing divided by
number of attempted scans, shown in a prospective, observational
study) (21). Of 52 children aged between 5 and 7 years, 50 children
completed the full scanning protocol, one child refused lying in the
scanner and another child stopped the examination after one
functional
morphological scan. The most decisive factor for good feasibility

acceptable scan resulting in an uncompleted
was age as in children aged between 3 and 4.9 years only 10 of 30
individuals agreed on lying in the scan device (feasibility rate 33%).
However, these 10 patients, willing to start the examination,
completed it successfully (21).

In the following medical consultations, both patients and
physicians profit from the MP-MRI color-coded and defect
maps, visualizing affected regions and extent of ventilation and

perfusion impairment.

2.2 Technical set-up

In our center, MP-MRI measurements are performed on a clinical
whole-body Siemens 1.5 T scanner (applicability on scanners of other
manufacturers and corresponding adaptation of the sequences is
currently in progress). A close collaboration between Pediatric
Pulmonology and Pediatric Radiology as well as fixed time slots per
week facilitate applicability. We apply functional alongside
structural sequences to ensure a comprehensive imaging of the
lung, with MP-MRI accounting for 7.9 + —1.8 min of the average
examination time of 251+ —4.6min (21). To avoid longer
investigations than usual, we limited the structural sequences to the
most relevant ones (details presented in the OLS). As no sedation
or specific breathing maneuvers are required, the additional effort
for staff in charge is minimal. MP-MRI sequences are done at the
end and as such, only measurement zones need to be defined.
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FIGURE 1
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903 MP-MRI measurements in 473 individuals during seven years. (A) MP-MRI measurements sorted by disease groups. (B) Age-Distribution
of patients having performed MP-MRI measurements, sorted by sex. n (absolute number of measurements). MRI, magnetic resonance imaging;
MP-MRI, matrix pencil decomposition MRI.

Preparation in Dep. of Pediatric Pneumology:

well experienced and skilled staff
introduction of parents/caregivers to
the promising, innovative approach
provision of child-friendly information
material in advance

N\

accompanying and
introducing patients

providing fixed time slots

N\

Preparation in Dep. of Pediatric Radiology:

well experienced and skilled staff
playful introduction to MRI device,
optional intro-visit beforehand
close motivational-supportive
conversation during scan

option to listen to own music and to
be accompanied by one parent/
caregiver during scan

MP-MRI examination:
providing spatial resolved information on
lung ventilation and perfusion

e standard clinical 1.5T MRI
scanner, 2D time-resolved uf-
bSSFP pulse sequence

e no specialized set-up required
(no sedation, no specific
breathing maneuvers, no i.v.
contrast agent, no inhalation of
hyperpolarized gases)

e average examination time: 8min
(of total 25min also including
structural sequences)

e success rate of 96% in children
>5 years

e minimal additional effort for
staff in charge

FIGURE 2

Use in clinics:

patients, parents and physicians profit
from the illustrative color and defect
maps in the following consultations
useful diagnostic tool in complex
cases to improve clinical decision
making

N\

providing feedback and
inspiration for future research

providing outcome reports with outcome
values and functional defect maps

N\

Use in research:

combination of indicated follow-up
examinations and study examinations
facilitates clinical longitudinal studies
large number of measurements
conducted and great variety of case
studies available facilitate applied
technical (updates,
validation, refinement)

research

Overview on the applied workflow having ensured successful implementation of MP-MRI measurements. MRI, magnetic resonance imaging; Dep.,
department; min, minutes; MP-MRI, matrix pencil decomposition MRI; T, Tesla; 2D, two dimensional.

2.3 Analysis and outcome calculation

The analysis of the MP-MRI scan data obtained and the
computation of outcome values is currently carried out using a  an
pipeline In our center, this is sustained by specialized biomedical
engineer. But as the current version of the processing pipeline is
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requirement. The software can be also installed and maintained

03

intermediate level.

However,

available as a docker container, there is no strict qualification

by an IT person with knowledge of a Linux operating system on

the software is still

translational phase and is not a commercially certified product.
Thus, there is no dedicated official support for it.
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FIGURE 3

Instructions for a playful introduction to an upcoming MP-MRI scan at home—illustration. In preparation for the upcoming MP-MRI measurement, the
children and their parents or care givers receive this illustration together with instructions from Table 1 so that they can familiarize themselves with the
expected conditions already at home. The numbers in the rectangles refer to the corresponding rows in Table 1.

TABLE 1 Instructions for a playful introduction to an upcoming MP-MRI scan at home—checklist. Achieved steps can be rewarded using a sticker or
a stamp.

Step | You don’t need to be worried about the upcoming MRI scan—you can play out what’s to come at | Achieved?

home together with one of your parents!

1 Build your own small MRI scanner at home. Take a table that is big enough for you to lie under and cover one half with a cloth or blanket hanging

over the sides. When you lie down under it later, it will feel a bit like a cave for your head and upper body. Just like later in the MRI device. Don’t
forget to keep a pillow ready to make it cozy!

2 There are very large and strong magnets in the MRI scanner. Do you know which objects are all attracted to them? Take a small magnet you have at
home and look for suitable objects in your surroundings, e.g., coins, nails, cutlery. Then test whether there are any metal objects on your clothes
(trouser button, watch, jewelry). For the measurement, you need to put on clothes without the corresponding properties, e.g., jogging pants, and take
off other accessories. Right now, it is best to place them on the table.

3 During the measurement, the nurse in charge will not be in the same room as you, but will be able to see you through a window and will always be
available if you need her/him. You will be given a small bell (rubber ball) to press so that you can contact them. They will then hear you ring like a
telephone, ask you what’s up and you can tell your concern. Find a small bell or squeaky cuddly toy in the house now and put it under the table for later.

4 To make the MRI images of your lungs even more precise, a so-called surface coil will be placed on your chest during the measurement. This surface
coil looks similar to a plastic swimming board. Get used to the feeling by looking for a large book, not too heavy, which you can later place on your
chest. Imagine it’s like a large cell phone or tablet that takes photos of your lungs.

5 It is important that your hearing is protected from the noise of the MRI scanner during the measurement. You will therefore be given earplugs. Do
you have any at home? You will also be allowed to listen to your own favorite music or radio play via headphones during the scan. So set your own
favorite song on your cell phone or CD player and headphones!

6 Are you ready? Great! Then you can crawl under the table, put your head on the pillow and make yourself comfortable. Are the earplugs in and the
headphones on? Get the bell ready so that you can use it. Then place the book on your chest. The measurement can start! At the very beginning, you
need to hold your breath for about 10 s to calibrate the device. Have your parent stop the time. Can you do it?

7 The measurement is running ... Can you manage to lie very still, like a statue? Be careful, during the measurement the MRI machine sometimes
rattles quite loudly, almost like on a building site. That doesn’t have sto scare you. You can get used to it at home by having your parent make some
noise on the table. A saucepan to bang against is quite suitable, or a musical instrument or something similar. During this scan simulation, you might
also try out the bell or squeaker you have prepared.

8 Congratulations, you’ve made it! For sure, your parents are really proud of you that the measurement went so smoothly. You have well deserved a
little surprise waiting for you...

Does your parent dare to lie in your little MRI scanner while you make the noise? Feel free to swap roles. So that nobody feels alone during the
measurement, you can also show each other that you are there by touching/stroking your feet. This will also be allowed during the measurement (an
accompanying person is permitted in the measurement room).
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We have successfully automated each step for reproducible
application in research and clinics. The total calculation time
required is 20 min per subject (22). Regarding eventual motions
of the young patients during the MRI examination, the
amplitude of motion is detected during the image registration
process. Images with a motion amplitude higher than a threshold
will be discarded in the further analysis. However, as with every
MRI examination, a severe bulk motion during the scan will
result with inferior or undiagnostic image quality. Further, we
validated
automatically segment the lung areas on the MRI images (23)

implemented a artificial neural network to
and the subsequent analysis are conceptually designed to be
robust to minor segmentation inaccuracies (22). Further, we
replaced time-consuming visual scoring of defect maps (24) by
quantifiable and automatically calculable outcome values: (i)
relative lung volume with impaired ventilation or perfusion
(VDP, QDP) (21, 23, 25-31), (ii) relative lung volume with
combined ventilation and perfusion defect (VQDyaecn) (30) and
(iii) defect homogeneity (defect distribution index: DDI) (32).
The latter numerically quantifies how clustered or scattered the
impaired lung regions are which would otherwise have to be
recognized visually by the human observer (32). Finally, an
automatically generated pdf report includes color-coded maps in
addition to numerical values (Supplementary Figure S2).
Additionally, we constantly incorporate the user feedback
from clinicians, radiologists and research group members in
close cooperation with computer scientists and physicists
When

implementing updates, the immense number of measurements

involved. investigating  innovative  ideas  and
conducted and the great variety of case studies available have

proven to be central to success.

2.4 Conclusion

We report here the with the
implementation of MP-MRI measurements in our department.

positive experiences
Especially the non-invasiveness of the examination contributes
to the acceptance of the examination in healthy children within
study protocols. The children quickly lose their fear of the MRI
device if they are gently introduced to it in advance. As MP-

10.3389/fped.2025.1519148

MRI is done within few minutes, adding the sequences to

structural sequences does not change overall scan time
substantially. The most challenging point in our institution was
the installation of the sequences on the different MRI devices
along with training of staff and connecting the data analysis
pipeline for an automated workflow with the clinical
information system, as the NCE-MRI techniques are not FDA-
approved. However, the achieved unique collection of follow-up
measurements and case studies has been a great resource for

configuring reliable updates and exploring innovative ideas.

3 Clinical cases

In the following section, we report on exemplary clinical cases
in which MP-MRI was of great use not only as outcome
parameter and part of the study setting, but also as very helpful
diagnostic tool for specific clinical decision-making. For better
readability, detailed numerical outcome values for each case are
presented in Table 2.

3.1 Case 1: patient with cystic fibrosis (CF)

This is a 14-year-old male patient with CF before the approval
of triple cystic fibrosis transmembrane conductance regulator
(CFTR)-modulator therapy. He showed clinical deterioration and
lung function decline over the last months. We performed an
MP-MRI scan (Figure 4) in addition to structural MRI. The
pronounced impairment of ventilation and perfusion in the right
in MPI-MRI was together with the
morphological images suggestive of mucus plugging of the right

upper lung shown
upper lobar bronchus. After bronchoscopic removal of the large
mucus plug, symptoms resolved. Lung function improved and a
follow-up MP-MRI revealed improvement of lung ventilation and
perfusion at the right upper lobe. A sustained recovery of lung
function was achieved later through introduction of CFTR
modulator therapy.

To conclude: MP-MRI helped to identify and quantify the
region of poorly ventilated and/or perfused areas, that potentially
were responsive to bronchoscopic intervention.

TABLE 2 Detailed MP-MRI and lung function outcome data for the case studies presented in Figure 4 to Figure 8.

Case 1 1. | Overall VDP 28.7%, overall QDP 28.3%, overall VQDya¢ch 16.6%, DDIy 3.1, DDIq 3.4, FEV, z-score —2.2, LCI, 5 10.3
Case 1 II. | Overall VDP 21.6%, overall QDP 25.2%, overall VQD ya¢ch 4.6%, DDIy 0.6, DDIg 2.2, FEV, z-score 0.5, LCI, 5 7.6
Case 1 III. | Overall VDP 21.7%, overall QDP 18.5%, overall VQD ya¢ch 1.9%, DDIy 0.5, DDl 0.4, FEV, z-score 0.2, LCI, 5 6.7

Case 1IV. | Overall VDP 21.1%, overall QDP 18.8%, overall VQD,a¢ch 1.6%, DDIy 0.3, DDIg 0.4, FEV, z-score 0.6, LCI, 5 6.6

Case 2 1. | VDPyign, 19.6%, QDPyign 36.5%, VQDymarch_right 10.7%, DDIy._yignt 2.1, DDIq yign 11.3, FEV, z-score —4.2, LCL, 5 6.8

Case 2 TL. | VDPyigy, 31.1%, QDPrign 37.8%, VQDymarch_right 14.5%, DDIy_yignt 3.6, DDIq ign 9.3, FEV, z-score —3.1, LCL, 5 7.6

Case 2 TIL | VDPyigp, 32.1%, QDPrign 32.4%, VQDymarch_sight 13.8%, DDIy_yignt 3.4, DDIq yigne 6.1, FEV, z-score —3.1

Case 3 Overall VDP 21.8%, overall QDP 23.7%, overall VQD ¢ 6.5%, DDIy 0.6, DDIq 1.0, FEV, z-score —2.5, FVC z-score —1.6, LCI, 5 10.7

Case 4 VDP, g 40.8%, QDPrigh; 38.6%, VQDmatch_right 17.8%, DDIy _ight 2.1, DDIq signt 3.7, FEV z-score —2.2, FEV,/FVC z-score —2.3, RV/TLC,,, 35.6, LCl,5 7.7
Case 5

FEV, z-score —3.5, FEV,/FVC z-score —2.6, RV/TLC, 41.4, LCl,5 6.8

VDPye; 30.6%, QDPies; 55.0%, VQDmatch_left 21.7%, DDIy _jef; 3.8, DDIq jeft 6.0, VDP g 17.6%, QDP g 5.2%, VQDimatch_right 0-3%, DDIy _right 5.8, DDIq rignt 1.3,

VDP, ventilation defect percentage; QDP, perfusion defect percentage; VQD,qcn, combined/matched ventilation and perfusion defect; DDI, defect distribution index; Q, perfusion;
V, ventilation; FEV, forced expiratory volume in 1s; FVC, functional vital capacity; RV, residual volume; TLC, total lung capacity; pp, percent predicted; LCL, 5, lung clearance index

measured at 2.5% of the normalized nitrogen starting concentration.
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Case 1: Patient with Cystic Fibrosis

|. At clinical deterioration
FV map [%]

Q map [norm.]

1. After bronchoscopic removal of mucus plug
Q map [norm.]

Morphological Image FV map [%]

lll. After ELX/TEZ/IVA therapy start
Morphological Image FV map [%]

S8

IV. Follow-up after ELX/TEZ/IVA therapy start

Q map [norm.]

Morphological Image FV map [%]

FIGURE 4

Ventilation defect mask

Matched V and Q

Perfusion defect mask defect mask

Matched V and Q
defect mask

Ventilation defect mask Perfusion defect mask

Matched V and Q

Perfusion defect mask defect mask

Matched V and Q

Perfusion defect mask defect mask

Case 1. 14-year-old patient with cystic fibrosis (1) at clinical deterioration including mucus plugging of the right upper lobar bronchus (arrow), (Il) after
bronchoscopic removal of mucus plug, (1) after ELX/TEZ/IVA therapy start and (IV) at follow-up after ELX/TEZ/IVA therapy start. Morphological images
(coronal T2 blade FS sequence, 5 mm) (a), fractional ventilation (b) and perfusion (c) maps, masks representing areas with impaired ventilation (d),
perfusion (e) and matched ventilation and perfusion defects (f) are shown. On the heat maps, a change of color range towards dark blue indicates
severe impairment of lung ventilation or perfusion. ELX/TEZ/IVA, elexacaftor/tezacaftor/ivacaftor combination regimen; FV, fractional ventilation;

MP-MRI, matrix-pencil magnetic resonance imaging; Q, perfusion; V, ventilation.

3.2 Case 2: patient with necrotizing
pheumonia

In a 5-year-old boy, necrotizing pneumonia of the right
lung resulted in surgical removal of the right upper lobe.
A prolonged course of disease with significant respiratory
and persistent followed.
A computed tomography (CT) scan (not shown) revealed
marked dystelectatic and scarring changes of the remaining
right lung. To address the discussion whether this specific part
of the lung was still functional (thus ventilated and perfused)

limitations oxygen requirement

or should also be removed in order to reduce the risk of
further infections, we performed an MP-MRI measurement
(Figure 5). The scan showed impaired, but existing perfusion
and adequate ventilation of the remaining lung indicating
residual function. Consequently, the resection was waived. In
the further course, the patient improved clinically with
improvement of lung function. A follow-up MP-MRI two and
four years later showed normal ventilation and only slightly
impaired perfusion in the lung area affected.

Frontiers in Pediatrics

To conclude: MP-MRI allowed to specifically examine the post-
infectious function of a lung lobe and helped in the discussion of
indication for surgical intervention.

3.3 Case 3: patient with sickle-cell disease

A 16-year-old male adolescent with sickle-cell disease (SCD)
suffered from recurrent episodes of acute chest syndrome. Lung
function showed a mixed ventilatory impairment with airway
obstruction, reduced functional vital capacity and increased
ventilation inhomogeneity. For a better understanding of the
underlying pathophysiological aspects, we performed an MP-MRI
scan (Figure 6). We found normal ventilation but patchy-
dispersed perfusion impairment, consistent with the vaso-
occlusive nature of sickle cells.

MP-MRI  helped to
pathophysiological nature of lung impairment, i.e., vasoocclusive

To  conclude: visualize  the

processes, and to rule out other potential causes of lung
pathology in this patient with SCD.
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Case 2: Patient with Necrotizing Pneumonia

|. At acute state of disease
FV map [%]

Morphological Image Q map [norm.]

)

I. 2-years follow-up
Morphological Image FV map [%]

-

Q map [norm.]

~

lll. 5-years follow-up
Morphological Image FV map [%]
a0 e -

FIGURE 5

Matched V and Q
defect mask

Perfusion defect mask

Ventilation defect mask

Matched V and Q

Perfusion defect mask defect mask

Matched V and Q
defect mask

1

Case 2. 5-year-old patient with necrotizing pneumonia, surgical removal of the right upper lung lobe and remaining right middle and lower lung lobe
(arrow) (1) at acute state of disease, (Il) at 2-years follow-up and (Ill) at 5-years follow-up. Morphological images (coronal T2 blade FS sequence, 5 mm)
(a), fractional ventilation (b) and perfusion (c) maps, masks representing areas with impaired ventilation (d), perfusion (e) and matched ventilation and
perfusion defects (f) are shown. On the heat maps, a change of color range towards dark blue indicates severe impairment of lung ventilation or
perfusion. FV, fractional ventilation; MP-MRI, matrix-pencil magnetic resonance imaging; Q, perfusion; V, ventilation.
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FIGURE 6

Case 3. 16-year-old patient with sickle-cell disease. Morphological images (coronal T2 blade FS sequence, 5 mm) (a), fractional ventilation (b) and
perfusion (c) maps, masks representing areas with impaired ventilation (d), perfusion (e) and matched ventilation and perfusion defects (f) are
shown. On the heat maps, a change of color range towards dark blue indicates severe impairment of lung ventilation or perfusion. FV, fractional

ventilation; MP-MRI, matrix-pencil magnetic resonance imaging; Q, perfusion; V, ventilation.

3.4 Case 4: patient with bronchiolitis
obliterans

This is a 14-year-old male patient with post-infectious
bronchiolitis obliterans. Diagnostic tests showed fixed airway
obstruction and  hyperinflation,  regular  ventilation
inhomogeneity and typical radiological findings in CT scans
(mosaic perfusion, bronchiectasis of the right upper and
lower lung lobes; images not shown). Using MP-MRI
(Figure 7), we were able to link the information from

global lung function derived from pulmonary function tests

Frontiers in Pediatrics

with spatially resolved functional impairment provided by
the MP-MRI illustrating  that
perfusion were both impaired to a higher degree in the

scans, ventilation and
right lung compared to the left side.

To conclude: MP-MRI helps not only to characterize better the
regional impairment of lung function in addition to global lung
function tests measured at the mouth. In this patient with post-
infectious bronchiolitis obliterans it helped to quantify functional
impairment due to bronchiectasis and ventilation inhomogeneity
this deficit for better

understanding of the disease process.

and visualize regional functional
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Case 4: Patient with Bronchiolitis Obliterans
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FIGURE 7

Case 4. 14-year-old patient with bronchiolitis obliterans. Morphological images (coronal T2 blade FS sequence, 5 mm) (a), fractional ventilation (b) and
perfusion (c) maps, masks representing areas with impaired ventilation (d), perfusion (e) and matched ventilation and perfusion defects (f) are shown.
On the heat maps, a change of color range towards dark blue indicates severe impairment of lung ventilation or perfusion. FV, fractional ventilation;
MP-MRI, matrix-pencil magnetic resonance imaging; Q, perfusion; V, ventilation.

Case 5: Patient with Congenital Diaphragmatic Hernia
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FIGURE 8

Case 5. 9-year-old patient with congenital diaphragmatic hernia (arrow) and post-natal repair using a muscle-flap. Morphological images (coronal T2
blade FS sequence, 5 mm) (a), fractional ventilation (b) and perfusion (c) maps, masks representing areas with impaired ventilation (d), perfusion (e) and
matched ventilation and perfusion defects (f) are shown. On the heat maps, a change of color range towards dark blue indicates severe impairment of

lung ventilation or perfusion. FV, fractional ventilation; MP-MRI, matrix-pencil magnetic resonance imaging; Q, perfusion; V, ventilation.

3.5 Case 5: patient with congenital
diaphragmatic hernia

left-sided
diaphragmatic hernia (prenatal diagnosis and installation of an

A 9-year-old girl with a large congenital
intratracheal plug, postnatal repair of the diaphragmatic hernia
using a muscle flap) suffered from exercise-dependent respiratory
symptoms. Lung function tests showed reduced vital capacity,
hyperinflation and ventilation inhomogeneity. MP-MRI showed
significantly decreased perfusion of the left lung combined with
reduced ventilation (Figure 8). This clear picture was confirmed
by the morphological MRI, where a rarification of the vessels was
seen (panel a, Figure 8). This suggests altered fetal lung
development and/or dysproportional catch-up growth [further
results published in (30)].

To conclude: MP-MRI enables to examine and visualize the
function of the left and right lung separately in patients with

side-related anatomic aberrations.

3.6 Conclusion

In the clinical setting, different disease entities exist, in
which patients, parents and care givers benefit from the
opportunity to assess ventilation and perfusion of the lung
resolved manner and visualize

in a spatially

This

any

impairment. helps in clinical decision-making

Frontiers in Pediatrics

regarding possible therapies, allows targeted follow-up of
affected
understand and explain the underlying lung physiology. The

lung regions and helps to more specifically
easy applicability and the non-invasiveness of MP-MRI

examinations are additional factors in favor of their use.

4 OQOverall conclusion

The implementation of a standardized workflow in our
center including automated analysis and reporting, was a
pivotal step on the transition from use as research tool to
regular clinical application. This has led to more than 900
MP-MRI examinations in the last years and quite some
experience in its usefulness in different lung diseases. Based
on this experience, we believe that MP-MRI is a promising
tool for mnon-invasive assessment of ventilation and
perfusion of the lung in diagnosis and surveillance of
certain lung diseases. Comparison between centers and
devices will be hopefully possible soon and allow even

more widespread use.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://doi.org/10.3389/fped.2025.1519148
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Streibel et al.

Ethics statement

The studies involving humans were approved by Ethics
Committee of Bern, Switzerland (ID 2021-00982) and Ethics
Committee of Bern, Switzerland (ID 2017-00088). The studies
were conducted in accordance with the local legislation and
Written
participation in this study was provided by the participants’ legal

institutional requirements. informed consent for
guardians/next of kin. Written informed consent was obtained
from the individual(s), and minor(s)’ legal guardian/next of kin,
for the publication of any potentially identifiable images or data

included in this article.

Author contributions

CS: Data Formal Analysis,
Investigation, Methodology, Project administration, Visualization,

Conceptualization, curation,
Writing - original draft. GB: Data curation, Project administration,
Software, Supervision, Writing - review & editing. OB: Data
curation, Project administration, Software, Supervision, Writing -
review & editing. OP: Data curation, Project administration,
Software, Supervision, Writing - review & editing. ES: Data
curation, Writing — review & editing. CW: Data curation, Writing -
review & editing. MC: Data curation, Writing — review & editing.
CC: Data curation, Writing — review & editing. BF: Data curation,
Writing — review & editing. IK: Data curation, Writing - review &
editing. SY: Data curation, Writing - review & editing. YS: Data
curation, Writing - review & editing. PL: Data curation, Funding
acquisition, Project administration, Supervision, Writing - review &
EK:  Data
administration, Supervision, Writing - review & editing.

editing. curation, Funding acquisition, Project

Funding

The author(s) declare financial support was received for
the research and/or publication of this article. Nachwuchsforderungs-
Gruppe
Foundation, University Hospital Bern, Switzerland; Swiss Cystic
Fibrosis Foundation (CFCH), Switzerland. "SNSF (Swiss National
Science Foundation) grant Nr. 182719".

Grants fiir  patientenorientierte  Forschung der Insel

Acknowledgments

The authors would like to thank all children and their families
having attended MP-MRI examinations for their open-minded

participation. Further, they would like to express their

References

1. Triphan SMF, Bauman G, Konietzke P, Konietzke M, Wielpiitz MO, International
Workshop for Pulmonary Functional Imaging (TWPFI). Magnetic resonance imaging of
lung perfusion. ] Magn Reson Imaging. (2023) 59(3):784-96. doi: 10.1002/jmri.28912

Frontiers in Pediatrics

09

10.3389/fped.2025.1519148

thankfulness to Mrs. Sandra Liischer, Mrs. Sybille Thomen, Mrs.
Sharon Krattinger, Mrs. Fabienne Furrer and all the study nurses,
medical-technical assistants,
involved for their commitment, patient care and recruitment,
their support in measurements, commitment and feedback.
Special thanks goes to Mrs. Sandra Liischer for having designed
the initial sketch on which Figure 3 is based. Figure 3 was
created with BioRender.com.

engineers and medical doctors

Conflict of interest

OB has received money from the Swiss National Science
Foundation (SNF 320030_149576). PL received within the past 36
months payment by: Grants or contracts (Vertex and OM Pharma
- paid to his institution), Payment or honoraria for lectures,
presentations, speakers bureaus, manuscript writing or educational
events (Vertex, Vifor, OM Pharma - paid to his institution and to
him), Participation on a Data Safety Monitoring Board or
Advisory Board (Polyphor, Vertex, OM Pharma, Vifor - paid to
his institution and to him, Santhera (DMC), Allecra, Sanofi
Aventis - paid to him). EK has within the past 36 months
received Speaker Honorar by Sanofi Aventis and Vertex.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fped.2025.
1519148/full#supplementary-material

2. Stewart NJ, Smith LJ, Chan H-F, Eaden JA, Rajaram S, Swift AJ, et al. Lung MRI
with hyperpolarised gases: current & future clinical perspectives. Br ] Radiol. (2022)
95(1132):20210207. doi: 10.1259/bjr.20210207

frontiersin.org


https://BioRender.com
https://www.frontiersin.org/articles/10.3389/fped.2025.1519148/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fped.2025.1519148/full#supplementary-material
https://doi.org/10.1002/jmri.28912
https://doi.org/10.1259/bjr.20210207
https://doi.org/10.3389/fped.2025.1519148
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Streibel et al.

3. Biederer ], Mirsadraee S, Beer M, Molinari F, Hintze C, Bauman G, et al. MRI Of
the lung (3/3)-current applications and future perspectives. Insights Imaging. (2012)
3(4):373-86. doi: 10.1007/s13244-011-0142-z

4. Biederer J, Beer M, Hirsch W, Wild J, Fabel M, Puderbach M, et al. MRI Of the
lung (2/3). why ... when ... how? Insights Imaging. (2012) 3(4):355-71. doi: 10.1007/
s13244-011-0146-8

5. Wielpiitz MO. Making contrast material obsolete: functional lung imaging with
MRI. Radiology. (2020) 296(1):200-1. doi: 10.1148/radiol.2020200964

6. Bauman G, Puderbach M, Deimling M, Jellus V, Chefd’hotel C, Dinkel J, et al.
Non-contrast-enhanced perfusion and ventilation assessment of the human lung by
means of Fourier decomposition in proton MRI Magn Reson Med. (2009)
62(3):656-64. doi: 10.1002/mrm.22031

7. Bauman G, Bieri O. Matrix pencil decomposition of time-resolved proton MRI
for robust and improved assessment of pulmonary ventilation and perfusion. Magn
Reson Med. (2017) 77(1):336-42. doi: 10.1002/mrm.26096

8. Bondesson D, Schneider MJ, Gaass T, Kithn B, Bauman G, Dietrich O,
et al. Nonuniform fourier-decomposition MRI for ventilation- and perfusion-
weighted imaging of the lung. Magn Reson Med. (2019) 82(4):1312-21.
doi: 10.1002/mrm.27803

9. Voskrebenzev A, Gutberlet M, Klimes$ F, Kaireit TF, Schonfeld C, Rotirmel A, et al.
Feasibility of quantitative regional ventilation and perfusion mapping with phase-
resolved functional lung (PREFUL) MRI in healthy volunteers and COPD, CTEPH,
and CF patients. Magn Reson Med. (2018) 79(4):2306-14. doi: 10.1002/mrm.26893

10. Mai VM, Berr SS. MR Perfusion imaging of pulmonary parenchyma using
pulsed arterial spin labeling techniques: FAIRER and FAIR. ] Magn Reson Imaging.
(1999) 9(3):483-7. doi: 10.1002/(SICI)1522-2586(199903)9:3<483::AID-JMRI18>3.0.
CO;2-#

11. Wang T, Schultz G, Hebestreit H, Hebestreit A, Hahn D, Jakob PM. Quantitative
perfusion mapping of the human lung using 1H spin labeling. ] Magn Reson Imaging.
(2003) 18(2):260-5. doi: 10.1002/jmri.10338

12. Seith F, Pohmann R, Schwartz M, Kiistner T, Othman AE, Kolb M, et al.
Imaging pulmonary blood flow using pseudocontinuous arterial spin labeling
(PCASL) with balanced steady-state free-precession (bSSFP) readout at 1.5T.
] Magn Reson Imaging. (2020) 52(6):1767-82. doi: 10.1002/jmri.27276

13. Othman AE, Liang C, Komma Y, Munz M, Kolb M, Rath D, et al. Free-breathing
arterial spin labeling MRI for the detection of pulmonary embolism. Radiology. (2023)
307(3):€221998. doi: 10.1148/radiol.221998

14. Carinci F, Meyer C, Phys D, Breuer FA, Triphan S, Choli M, et al. Blood volume
fraction imaging of the human lung using intravoxel incoherent motion. / Magn Reson
Imaging. (2015) 41(5):1454-64. doi: 10.1002/jmri.24669

15. Fischer A, Weick S, Ritter CO, Beer M, Wirth C, Hebestreit H, et al. SElf-gated
non-contrast-enhanced functional lung imaging (SENCEFUL) using a quasi-random
fast low-angle shot (FLASH) sequence and proton MRI. NMR Biomed. (2014)
27(8):907-17. doi: 10.1002/nbm.3134

16. Ilicak E, Ozdemir S, Zapp ], Schad LR, Zéllner FG. Dynamic mode
decomposition of dynamic MRI for assessment of pulmonary ventilation and
perfusion. Magn Reson Med. (2023) 90(2):761-9. doi: 10.1002/mrm.29656

17. Bauman G, Pusterla O, Bieri O. Functional lung imaging with transient
spoiled gradient echo. Magn Reson Med. (2019) 81(3):1915-23. doi: 10.1002/
mrm.27535

18. Bauman G, Pusterla O, Bieri O. Ultra-fast steady-state free precession pulse
sequence for Fourier decomposition pulmonary MRI. Magn Reson Med. (2016)
75(4):1647-53. doi: 10.1002/mrm.25697

Frontiers in Pediatrics

10

10.3389/fped.2025.1519148

19. Salem Y, Jakob J, Steinberg R, Gorlanova O, Fuchs O, Miiller L, et al. Cohort
profile update: the Bern Basel infant lung development cohort. Int ] Epidemiol.
(2024) 53(1):dyad164. doi: 10.1093/ije/dyad164

20. Korten I, Kieninger E, Yammine S, Regamey N, Nyilas S, Ramsey K, et al. The
swiss cystic fibrosis infant lung development (SCILD) cohort. Swiss Med Wkly. (2018)
148:w14618. doi: 10.4414/smw.2018.14618

21. Willers CC, Frauchiger BS, Stranzinger E, Bauman G, Moeller A, Jung A,
et al. Feasibility of unsedated lung MRI in young children with cystic fibrosis.
Eur Respir J. (2022) 60(5):2103112. doi: 10.1183/13993003.03112-2021

22. Pusterla O, Willers C, Sandkiihler R, Andermatt S, Nyilas S, Cattin PC, et al. An
automated pipeline for computation and analysis of functional ventilation and
perfusion lung MRI with matrix pencil decomposition: TrueLung. (2024).
arXiv:2404.18275. doi: 10.48550/arXiv.2404.18275

23. Willers C, Bauman G, Andermatt S, Santini F, Sandkiihler R, Ramsey KA,
et al. The impact of segmentation on whole-lung functional MRI quantification:
repeatability and reproducibility from multiple human observers and an
artificial neural network. Magn Reson Med. (2021) 85(2):1079-92. doi: 10.1002/
mrm.28476

24. Bauman G, Puderbach M, Heimann T, Kopp-Schneider A, Fritzsching E, Mall
MA, et al. Validation of Fourier decomposition MRI with dynamic contrast-
enhanced MRI using visual and automated scoring of pulmonary perfusion in
young cystic fibrosis patients. Eur ]| Radiol. (2013) 82(12):2371-7. doi: 10.1016/j.
ejrad.2013.08.018

25. Nyilas S, Bauman G, Sommer G, Stranzinger E, Pusterla O, Frey U, et al. Novel
magnetic resonance technique for functional imaging of cystic fibrosis lung disease.
Eur Respir J. (2017) 50(6):1701464. doi: 10.1183/13993003.01464-2017

26. Nyilas S, Bauman G, Pusterla O, Sommer G, Singer F, Stranzinger E, et al.
Structural and functional lung impairment in primary ciliary dyskinesia.
Assessment with magnetic resonance imaging and multiple breath washout in
comparison to spirometry. Ann Am Thorac Soc. (2018) 15(12):1434-42. doi: 10.
1513/AnnalsATS.201712-9670C

27. Nyilas S, Bauman G, Pusterla O, Ramsey K, Singer F, Stranzinger E, et al.
Ventilation and perfusion assessed by functional MRI in children with CF:
reproducibility in comparison to lung function. J Cyst Fibros. (2019) 18(4):543-50.
doi: 10.1016/j.jcf.2018.10.003

28. Salem Y, Willers CC, Amylidi-Mohr S, Kentgens A-C, Stranzinger E, Latzin P,
et al. Low birth weight and impaired later lung function: results from a monochorionic
twin study. Ann Am Thorac Soc. (2022) 19(11):1856-64. doi: 10.1513/AnnalsATS.
202112-13490C

29. Willers C, Maager L, Bauman G, Cholewa D, Stranzinger E, Raio L, et al. School-
age structural and functional MRI and lung function in children following lung
resection for congenital lung malformation in infancy. Pediatr Radiol. (2022)
52(7):1255-65. doi: 10.1007/s00247-022-05317-7

30. Streibel C, Willers CC, Bauman G, Pusterla O, Bieri O, Curdy M, et al. Long-term
pulmonary outcome of children with congenital diaphragmatic hernia: functional lung
MRI using matrix-pencil decomposition enables side-specific assessment of lung
function. Eur Radiol. (2023) 34(6):3773-85. doi: 10.1007/s00330-023-10395-8

31. Streibel C, Willers CC, Pusterla O, Bauman G, Stranzinger E, Brabandt B, et al.
Effects of elexacaftor/tezacaftor/ivacaftor therapy in children with cystic fibrosis—a
comprehensive assessment using lung clearance index, spirometry, and functional and
structural lung MRL J Cyst Fibros. (2023) 22(4):615-22. doi: 10.1016/j.jcf.2022.12.012

32. Valk A, Willers C, Shahim K, Pusterla O, Bauman G, Sandkiihler R, et al.
Defect distribution index: a novel metric for functional lung MRI in cystic
fibrosis. Magn Reson Med. (2021) 86(6):3224-35. doi: 10.1002/mrm.28947

frontiersin.org


https://doi.org/10.1007/s13244-011-0142-z
https://doi.org/10.1007/s13244-011-0146-8
https://doi.org/10.1007/s13244-011-0146-8
https://doi.org/10.1148/radiol.2020200964
https://doi.org/10.1002/mrm.22031
https://doi.org/10.1002/mrm.26096
https://doi.org/10.1002/mrm.27803
https://doi.org/10.1002/mrm.26893
https://doi.org/10.1002/(SICI)1522-2586(199903)9:3%3C483::AID-JMRI18%3E3.0.CO;2-&num;
https://doi.org/10.1002/(SICI)1522-2586(199903)9:3%3C483::AID-JMRI18%3E3.0.CO;2-&num;
https://doi.org/10.1002/jmri.10338
https://doi.org/10.1002/jmri.27276
https://doi.org/10.1148/radiol.221998
https://doi.org/10.1002/jmri.24669
https://doi.org/10.1002/nbm.3134
https://doi.org/10.1002/mrm.29656
https://doi.org/10.1002/mrm.27535
https://doi.org/10.1002/mrm.27535
https://doi.org/10.1002/mrm.25697
https://doi.org/10.1093/ije/dyad164
https://doi.org/10.4414/smw.2018.14618
https://doi.org/10.1183/13993003.03112-2021
https://doi.org/10.48550/arXiv.2404.18275
https://doi.org/10.1002/mrm.28476
https://doi.org/10.1002/mrm.28476
https://doi.org/10.1016/j.ejrad.2013.08.018
https://doi.org/10.1016/j.ejrad.2013.08.018
https://doi.org/10.1183/13993003.01464-2017
https://doi.org/10.1513/AnnalsATS.201712-967OC
https://doi.org/10.1513/AnnalsATS.201712-967OC
https://doi.org/10.1016/j.jcf.2018.10.003
https://doi.org/10.1513/AnnalsATS.202112-1349OC
https://doi.org/10.1513/AnnalsATS.202112-1349OC
https://doi.org/10.1007/s00247-022-05317-7
https://doi.org/10.1007/s00330-023-10395-8
https://doi.org/10.1016/j.jcf.2022.12.012
https://doi.org/10.1002/mrm.28947
https://doi.org/10.3389/fped.2025.1519148
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

	Non-contrast enhanced functional lung MRI in children: report on 900 own measurements using matrix-pencil decomposition (MP-) MRI
	Introduction
	More than 900 MP-MRI measurements in children—report on our own experience
	Preparation and child-friendly setting
	Technical set-up
	Analysis and outcome calculation
	Conclusion

	Clinical cases
	Case 1: patient with cystic fibrosis (CF)
	Case 2: patient with necrotizing pneumonia
	Case 3: patient with sickle-cell disease
	Case 4: patient with bronchiolitis obliterans
	Case 5: patient with congenital diaphragmatic hernia
	Conclusion

	Overall conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


